Abstract The first ever large-scale inventory of an urban phorid fly fauna is described. Collections from 30 Malaise traps from urban Los Angeles over one year from the BioSCAN Project document the presence of 99 species from 42,480 specimens identified. Species accumulation curves predict 102-106 species actually occurring in this area. Collections are overwhelmingly dominated by the North American fungus feeding species Megaselia agarici, which accounts for about one quarter of all specimens identified. Percentage of M. agarici per site ranges from approximately 4% to 75%. Diversity varied significantly among sites, with species richness per site ranging from 23 to 82. Implications of patterns of abundance, diversity, and size are discussed.
Introduction
The Phoridae are a large family of small flies found worldwide (Fig. 1) . Although poorly known everywhere, largely because of their diminutive size (0.4-5.0 mm), phorids are highly diverse in both species numbers and in lifestyles. The approximately 4000 known species worldwide, representing perhaps as little as 10% of the true diversity, are known to be variously scavengers, predators, herbivores, fungivores, parasitoids, and true parasites (reviewed by Disney 1994) .
Because of their small size and difficulties in identification, relatively little has been done to study the ecology of phorid flies. This is unfortunate, as phorids make excellent biodiversity study subjects (Disney and Durska 2008) . They are diverse within a site, are easily sampled, and use a wide variety of ecosystem resources based on the profusion of different larval and adult lifestyles. Their only disadvantages are their relatively small size and public ignorance of their existence. Good microscopes help the former, while outreach can influence the latter. The fact that phorids are small and poorly-known did not prevent our description of 30 new species from Los Angeles (Hartop et al. 2015) from being covered by the news departments of everything from The New Yorker to Science magazine (Twilley 2015 , Fahrenkamp-Uppenbrink 2015 ! Recently, ecological studies on phorids have concentrated on the species of genus Pseudacteon Coquillett that attack invasive fire ants (Solenopsis spp.), offering possibilities of biological control. Other interesting work has been done on the parasitic phorids in the genus Apocephalus Coquillett that attack honey bees (Core et al. 2012 ) and various ants (LeBrun 2005 , Bragança et al. 2008 , LeBrun et al. 2009 ). Communitylevel studies of entire phorid faunas, or even species lists for many sites, however, are much less common. Those of urban faunas are almost non-existent. Exceptions are the studies of phorid ecology by Ewa Durska (Durska 1981 , 1996 , 2003 , Durska et al. 2005 , Durska 2006 , Disney and Durska 2008 , including one (Durska 1981) on the urban fauna of Warsaw, Poland. There, she contrasted catches from parks, green areas of housing estates, and the urban center. It is difficult to contrast this study with ours because the Electronic supplementary material The online version of this article (doi:10.1007/s11252-016-0612-7) contains supplementary material, which is available to authorized users.
collecting method was pan trapping from tree crowns and the total number of species was relatively small (36). Additionally, much has happened in the taxonomy of phorids since 1981, and some species, such as BMegaselia pulicaria^, are now known to be species complexes. Still, she found reduced diversity in the downtown center.
In this paper, we examine and characterize the phorid fauna of urban Los Angeles, California, USA, as a contribution to basic knowledge, as well as a prelude to further studies in preparation on the Bnatural^and human-influenced factors that affect the distribution of these flies. This work is part of the BioSCAN Project, an ongoing urban biodiversity survey of the insect fauna of Los Angeles (Brown et al. 2014) . The dynamic nature of the urban fauna, with frequent introductions of species due to human commerce, coupled with the increasing urbanization of land and human populations make such studies highly relevant to urban planning. BGreen^city initiatives, Bsustainability^, and basic conservation all need data like these to make rational decisions towards healthier, more biodiverse, living spaces.
Methods and materials
Insects were collected from a series of Malaise traps placed in 26 backyards, one schoolyard, one community garden, the grounds of the Los Angeles Ecovillage, and the Nature Gardens of the Natural History Museum of Los Angeles County, all in Los Angeles, California, USA (Table 1, Fig. 2 ). Traps were of the Townes lightweight model (Townes 1972) purchased from Sante traps. These traps were situated in a roughly northeast-southwest swath (Fig. 3) . No attempt was made to strictly choose certain types of yard or planting. Each site is briefly described in the Supplementary Materials, and a satellite image is included.
Traps were operated continuously for one year (2014), with the collecting bottle changed weekly. Because of the overwhelming number of specimens, we here include analysis done from only one sample (the first) from each month, a total of 42,480 specimens from 360 samples examined (12 months × 30 sites). The rest of the samples were stored for future use as comparative material or to provide further specimens of rare species. Some additional, shorter term, collecting was done on 1) property of City Hall in the downtown core, 2) the top of a 3 story building with a garden roof ½ mile from City Hall, and 3) on top of the over 1000-ft-tall US Bank building in the heart of downtown. These additional sites were surveyed for shorter periods in 2015 or 2016, and are discussed separately in the results below.
Specimens were collected into, sorted, and identified in 95% ethanol. Some specimens were dried using hexamethyldisilazane (HMDS) (Brown 1993) or slidemounted following the method of Disney (2006a) for further examination. Holotypes of new species were mounted in Canada balsam, paratypes were mounted in Berlese's (1, 3, 8, 10, 11, 12, 18, 25, 26 - Fig. 3 ).
Diversity statistics were calculated using EstimateS (Colwell 1997) . Species occurrence correlations were calculated using Microsoft EXCEL. Significance of differences of mean species catch per site were calculated using STATISTICS CALCULATOR; variability among sites was assessed using the F-ratio from an ANOVA, and differences between pairs of sites were examined using post hoc least significant difference t-tests.
Results

General characterization of the fauna
Study of the 360 samples yielded 42,480 phorid flies of 99 species (Table 2) , 43 (43%) of which were new to science (Hartop et al. 2015 , 2016a , Hartop et al. 2016b . By far the most abundant species was Megaselia agarici, which alone accounted for roughly one quarter of all phorid flies encountered. The second most common species, M. sulphurizona, accounted for only about 12%. Five species, M. agarici, M. lombardorum, M. nigra, M. sulphurizona, and M. wiegmanae, were collected at all sites, but sixteen species were collected from only one site, followed by 11 species at two sites (Figs. 4, 11) .
The species composition at sites varied widely, from 82 species at site 13 to 19 species at site 8 (Table 3) . A visualization of this data can be seen in Fig. 5 , where the biodiversity at each site is represented by both the size and color of the marker sphere. The percentage of Megaselia agarici ranged from about 4% of the catch (site 5) to 75% of the catch (site #21) (Figs. 6 and 7). Sites with larger numbers of specimens had more species (Fig. 8) , possibly indicating the shared requirements of much of the fauna.
Pooled monthly catches strongly peaked in May, led by Megaselia agarici and the three next most abundant species (Fig. 9) . Total catch for May was about 7000 specimens, 18% of the entire year's total. Some species peaked earlier or later, and some were found almost exclusively during the (extremely mild, even by southern California standards) winter. Some species, including M. agarici, appeared to show two strong peaks during the year. Examination of the catches from individual sites, however, shows that this pattern is an artifact of pooling data. For example, M. agarici abundance at some sites (especially 16, 18, 23) had a strong peak in May, and others (3, 8, 9, 12, 17, 19) peaked in November. Individual sites do not often show strong peaks in both months, although many do have higher numbers in those parts of the year when compared to the surrounding months. It is unknown if this type of pattern is an indication of a bivoltine biology that is expressed differently in different microhabitats/climates. The other likely explanation, supported by the patterns seen by Disney et al. (1981) , is that the severe drought in California has caused lower numbers during the hot, dry, summer months. Thus, the higher numbers that should last throughout the summer instead appear as some form of dual peaks before and after the hottest part of the year. As California is still very much in drought, we cannot yet examine this phenomenon. If (when) the drought situation changes it will be interesting to see how this affects phenology data.
Besides the relatively constant domination of samples by Megaselia agarici and others, we noted significant Boutburstsô f some species. Most significant were 459 M. marquezi from site 5 during April and 470 M. barberi from site 26 during March-April; unfortunately, neither has a known lifestyle.
In addition to the main BioSCAN transect, several Malaise traps have been used to do supplemental collection in select locations. Although these results are somewhat limited, they did offer some interesting data, below.
City Hall: In July and August of 2015, we erected three Malaise traps around Los Angeles City Hall. The locations were at ground level on the north side of City Hall, a canopy trap suspended in the palm trees south of the west entrance to City Hall, and on the roof of City Hall South. In total, 11 species were found from these traps, the roof trap (8 stories up) collected only 4 species. The low diversity of the samples was not surprising given the downtown (heavily urbanized) location of City Hall. What was surprising was that every sample collected from City Hall (from all three traps, all weeks) was dominated by our local Metopina species, a result not seen at any other BioSCAN site. Prescher and Büchs (1997) recorded Metopina dominating (between 50.5-72.9%) the fauna of wheat, corn and potato fields in Germany. Similarly, Froese (1992) found that 79.7% of the phorids obtained from the soils of arable fields in Germany were Metopina. Since the genus does not appear to be associated with a particular crop, it may be associated with freshly turned soil. The grounds of City Hall were recently landscaped, and an adjacent lot was being developed, offering an explanation for the dominance of this genus in these Malaise traps. A second interesting find from City Hall was that in late August the trap on the north side at ground level caught a single specimen of Megaselia seticauda Borgmeier. This species, known to be a pest of corn, was not found elsewhere in our BioSCAN sampling. We have no explanation for this oddity, but here include it to show the value of supplemental collection -you never know what one additional trap, or week of collection, will reveal! Angel City Brewery: We collaborated with a local brewery to place a Malaise trap on their roof in Downtown Los Angeles in spring 2016 for six weeks (March 1 -April 14) . The roof is home to a garden that includes hops for their brewing and an assortment of fruits and vegetables. The samples we got from this roof (3 stories up, approximately ½ mile from our trapping at City Hall and in a similarly urbanized part of L.A.) were dominated by M. agarici, with that species being approximately 65% of the total collection. A total of 13 species were found on this roof. With future sampling, we hope to discover how much a rooftop garden (or other green space) contributes to biodiversity. US Bank Tower: We placed a trap on the roof of the tallest building west of the Mississippi, the US Bank Tower, in late September 2015. Trapping was ongoing for two months (24 September -29 October). Specimen numbers this high (over 1000 ft, just below the helipad) were extremely low. Half of the weekly samples contained no phorids at all, and the ones that did, contained only 2 or 3 phorid specimens. Only two species, M. agarici and M. lombardorum, were found. It is unknown if these flies were actually flying at this height or were, perhaps, blown up to the roof. Both are common L.A. species, and numbers were not sufficient to make any conclusive statements about the composition of the fauna at this altitude.
Diversity data
A species accumulation curve for the pooled 360 samples is given in Fig. 10 . Based on various estimators, the entire fauna is almost fully sampled, and should total between 101 and 106 species (Table 4) .
Individual traps collected from 105 phorid specimens (site 8) to 3505 phorids (trap 28, Fig. 6 ). The catch from trap 8 is suspect, however, because in October, 2014, a crack was found in the plastic collecting head, through which many phorids might have escaped. Similarly, sites 9 and 10 had The size and color (blue = low diversity to red = high diversity) of the spheres is representative of the biodiversity found at that site some months with no phorid catch, which seemed to us unlikely, but we have no evidence that there were any factors negatively affecting the sampling.
Four diversity statistics are calculated by Estimates, which, aside from ranking site 13 highest and site 21 lowest, gave similar results (Table 5) , although differing in some details.
Analysis of mean number of species per trap showed significant diversity within sites (Table 5 ), but pairwise t-tests found that only some sites differed significantly from others (Fig. 12 ).
Discussion
Our study is possibly the largest and most complete inventory of an urban fly fauna ever attempted (other similar projects include Avondet et al. 2003 , Centeno et al. 2004 , Castrezana et al. 2010 . Detailed knowledge of a complete fauna allows us to study changes, such as population fluctuations, establishment and spread of invasive species, and extirpation of existing species.
Based on our work, the phorid fauna of the sampled area of Los Angeles is about 100 species, and estimated to include only a few more species than we have already found. Distribution throughout the city is largely homogenous, but sites closer to natural areas (mostly found in hills and mountains) have higher species richness.
There are few, if any, historical collections of phorids from urban Los Angeles for comparison to our results. At the Los Angeles County Museum of Natural History (LACM), material predating Brown's arrival in 1993 consists of scattered specimens of Megaselia agarici, M. scalaris, M. sulphurizona, and a few Phora specimens, all of which date back only to the 1950s. We cannot exclude the possibility that there exists somewhere a more substantial holding of Fig. 6 Catch per site, arranged from most Bspecies-rich^(on left) to least species-rich (on right); each color representing a species. Red = Megaselia agarici phorids from Los Angeles tucked away in a collection somewhere, but the paucity of the LACM in this regard seems to make this unlikely. Without historic collections, little can be determined about the changes that have occurred within the fauna over time. Rather, our data provides a much needed baseline for future studies of this type.
Life histories and distribution of most phorid species are unknown, with some exceptions. Species found in Europe and North America are presumed to be introductions through commerce, some possibly dating back a few centuries (Lindroth 1957) . These recent introductions may have gone either direction, or may be from another geographic region entirely (but have simply not been recorded from their region of origin as of yet). The dominant species in our survey, Megaselia agarici, was originally described (as Phora agarici) from specimens reared from commercially grown Agaricus in New York in 1894 (Lintner 1895). It is not known whether this species was introduced from the eastern USA into California, or whether it is a native species across the country.
A summary of the known lifestyles (from Disney 1994; subsequent papers are cited individually) is as follows, all referring to larval feeding: Fungivory (some scavengers will feed on fungi as well): This was by far the dominant known lifestyle, representing at least 40% of specimens collected. Megaselia agarici, M. halterata, and M. nigra all feed exclusively (or nearly soDisney 2006b) on Agaricus, with M. nigra feeding on the fruiting body and M. halterata feeding on the mycelium. Other fungus feeding Megaselia in our list are M. berndseni, which has been reared from a wide variety of fungi, and M. scutellaris, with records from Agaricus and some other genera (Disney 2006b ). The worldwide Chonocephalus bentacaisei has been reared from unidentified fungi from Madagascar (Paulian 1958) , the only known breeding record for this species. All of the fungivores are potentially introduced species that occur elsewhere in the world.
Scavengers in rodent burrows: This includes a single native species, the largest phorid found in the survey: Anevrina variabilis.
Scavengers on buried carrion: The species of Conicera includes the famous coffin fly, C. tibialis, which is a wellknown breeder in buried corpses. Sharing this habit is C. similis (García-Rojo et al. 2013, Karapazarlioglu and . Much less information exists for the other species of this genus found in our study, Conicera aldrichi; it is probable they have similar habits (Buck 1994) . The species of Triphleba collected in our study might also belong here.
Aquatic phorids: Although there are few known species (Disney 1991) , we collected one of those phorids, Megaselia hansonix, known to have aquatic larvae. There are few ponds or waterways in which these flies can breed in Los Angeles, but there are many abandoned swimming pools and overirrigated sites in which they could develop.
Parasitoids: Parasitoids of ants. Aenigmatias sp., Apocephalus spp., Microselia sp., Pseudacteon spp., Veruanus boreotis. Parasitoids of millipedes. Myriophora alexandrae. Kl eptoparasit oi ds of hal ict id bees. Phalacrotophora halictorum.
General scavengers: These are the best known phorids, which often turn up in households or human products: Dohrniphora cornuta, Megaselia pleuralis, M. ruficornis, M. rufipes, M. scalaris, Puliciphora virginiensis, Spiniphora bergenstammii. Dead invertebrate scavengers: Presumably there are others, but we only classify Diplonevra setigera and Gymnophora talea in this group (both based on other species in their genera).
Among site comparisons
The most diverse site was site #13 (Figs. 2, at bottom, and 11) , which is virtually natural backyard habitat in the Verdugo Mountains. The total for this site, 82 species, is remarkably higher than that for the second richest site, #31, with 59 species. The 23 species absent from site #31, but present in site #13, are mostly rarely encountered species shared with only one other site. Most species known from only one or two sites were found at site #13, including Gymnophora talea, Aenigmatias sp., and most of the ant-parasitoid species in the genera Apocephalus, Microselia, Pseudacton, and Veruanus. The restriction of ant-parasitoids to the least disturbed sites is undoubtedly due to the presence of the Argentine ant, Linepithema humile, in the more central, urbanized part of the L.A. basin. This introduced species is found almost everywhere, especially where soil has been disturbed and irrigation exists. It outcompetes native ants, rendering most of Los Angeles free of native species, as well as their commensals, parasitoids, and predators. It is unknown whether the presence of Argentine ants is responsible for the elimination of other phorids in more urbanized areas, but it does not seem impossible. A big step towards restoring Los Angeles biodiversity would be the eradication of this synanthropic ant, which is unfortunately unlikely, given its ubiquity and apparent ecological dominance. Study and importation of phorid flies in South America known to attack Argentine ants might offer some relief for native species.
Interestingly, two cosmopolitan species of phorids, Megaselia scalaris (Fig. 11) and Conicera tibialis (the Bcoffin fly^) (Fig. 11) were not collected at site #13 or site #31, indicating that these species might be true synanthropes, needing to live in close association with humans. Disney (2008) reviewed the natural history of Megaselia scalaris and listed, among its larval foods, paint and shoe polish (among more normal sources of nourishment like carrion, fungi, bacteria, and other insects), hinting at the incredible adaptability of this species. Another species that appeared to have a strictly urban distribution was M. ilca (Fig. 11) , a North American species. Fascinatingly, we have discovered M. ilca in samples from natural habitat in the mountains on the perimeter of the Los Angeles Basin. We are curious what set of conditions has led to the bipolar situation for this species.
The least species-rich sites were 8 and 10, although data from site 8 cannot be used confidently (as mentioned above). All diversity statistics ranked site 21 as least diverse, probably because of the overwhelming dominance by Megaselia agarici. Dominance of this species was highly negatively correlated with overall species diversity per site. Its occurrence was most highly correlated (0.63) with that of the introduced fungus feeder, Megaselia nigra. Another major fungus feeder, Megaselia halterata, had a much lower correlation (0.25), perhaps due to its dependence on the mycelium of fungi rather than the fruiting bodies (Fig. 12.) The usual urban biodiversity paradigm is to classify species as urban avoiders, urban exploiters, and intermediate urban (Table 2) , many of them found only at site #13 (the species in the top row, towards the right in Fig. 11 ). This list includes nearly all of the non-Megaselia genera, except for the introduced synanthrope Dohrniphora cornuta, and a few others. An example of an urban avoider's range is Anevrina variabilis, which is apparently unable to live without populations of wild rodents in close proximity (Fig. 13) . Urban exploiters include Megaselia agarici and other common fungus feeding species, which seem to benefit greatly from the apparent increased presence of Agaricus mushrooms in urban settings. The qualifier Bapparent^is used in the previous sentence because we have found no surveys of urban fungi that we can cite. Wherever Agaricus mushrooms occur, however, they can have a profound effect on the phorid fauna, as we have found over one-hundred larvae in a single fruiting body of these fungi (unpublished data).
Origins of the fauna are difficult to ascertain. We assume that any species with a joint New World-Europe distribution may have been introduced into North America, or vice versa (often these species are also found elsewhere in the world). By this criterion, at least 18 out of 99 species are potentially introduced to Los Angeles. Many species are described for the first time in this study, and consequently are not yet known from any other parts of the world. Undoubtedly, however, some of these species will be found to have originated in parts of the world other than the relatively well studied parts of Europe, as have some of the other accidentally introduced species that our study has discovered (Grimaldi et al. 2015) .
Comparison with other nearby sites
Finding sites that are strictly comparable to ours is difficult. Most of the original habitat in the lower parts of Comparison with other urban sites Durska (1981) reported on an urban survey in Warsaw, Poland, in which three types of sites were sampled: parks, housing estates, and the town center. This study predated her more intensive work on phorid flies, and includes only 1066 specimens belonging to 36 species. Their collecting technique was also highly divergent from ours, being a type of pan trap in the crowns of trees. Nevertheless, they found that species abundance and richness decreased from parks to housing estates and again from housing estates to the town center. Their most dominant species overall was Megaselia angusta, an Old World species not found in our survey and belonging to a difficult complex of species that are prone to misidentification (Disney 1999) . The highest level of domination by this species was 33.3% in the samples from parks. Other dominant species were Diplonevra nitidula, Megaselia Bpulicaria^(the species after which the aforementioned complex of species that includes M. angusta is named), Megaselia rufipes, and Phalacrotophora fasciata; of these, only M. rufipes was also found in our survey at relatively low levels. From their total list, the only other species shared with our project was Dohrniphora cornuta. Durska (2001 Durska ( , 2002 ) also studied the fauna of successional growth in (non-urban) pine forests, and presented both pooled and individual species phenology charts for a site in Poland. Overall, her charts resembled patterns seen in Los Angeles for Megaselia agarici in L.A. (Fig. 9) , with a large post-autumnal rise in abundance. Other phorids in our study did not show such a prominent late surge. Also, our data had its largest peak in May, whereas the pooled data in Durska's study peaked in October. These discrepancies may be due to the geographical position of Los Angeles being much farther south than Warsaw, the previously discussed drought in California, or a combination of the two.
The list of phorids found in Malaise trapping in the Buckingham Palace garden in England (Disney 2001) included a number of species that are widely recorded, including in Los Angeles. Ten species were found in common with Los Angeles: Conicera similis, Dohrniphora cornuta, Megaselia albicaudata, M. basispinata, M. berndseni, M. nigra, M. pleuralis, M. ruficornis, M. rufipes and Spiniphora begenstammi. A similar faunal list from Henry Disney's decades of multi-method trapping in Cambridge, UK (mostly in his backyard) can be Fig. 11 Presence-absence matrix. Rows: top to bottom, most diverse to least diverse site. Columns, most widespread to least widespread species, left to right found in Table 6 (R.H.L. Disney, Personal Communication, May 24, 2016) . This list shares nine of the same species with Los Angeles as the garden at Buckingham Palace (the Cambridge list also includes M. halterata but omits M. pleuralis). Interestingly, Disney's observations on those species that will, at least on occasion, dominate sampling efforts did not include any of the overlap species we see in large numbers in Los Angeles (such as M. nigra). The dominating species in Cambridge did include two species (M. bendseni and M. rufipes) that we see (but in relatively low numbers) in Los Angeles.
We can find no record of any other faunal list dominated by Megaselia agarici like the Angeleno fauna. This is likely due to the fact that no other faunal lists exist for any urban (or natural) sites in North America.
Summary
This study lays the foundation for ecological analysis and future studies on urban phorid biodiversity. The phorid fly fauna of Los Angeles dramatically reveals, even with preliminary level analysis, the erosion of biodiversity due to anthropogenic change. The striking visual representation of this phenomenon is shown in Fig. 11 , where over one-half of the boxes are white (species not recorded at that location), and even many of the filled boxes represent introduced, or potentially introduced, species. The goal for conservation biology is to fill as many of these boxes as possible, to increase biodiversity using what we discover about factors that influence species loss, based on these data. Although such small, obscure flies may seem unlikely candidates to inspire political action, they are representative of the large majority of biodiversity that is small, poorly-known, yet vitally important. Fig. 12 Pairwise mean species richness per site comparisons. White boxes -no significant differences; yellow boxes -rowlabeled site significantly lower than column labeled site (e. g., site 1 vs site 6); green boxesrow-labeled site significantly higher than column labeled site 
